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ABSTRACT

INVESTIGATION OF RF CURING PARAMETERS
IN RESIN INFUSION MOLDING

Christopher Kyle Love
School of Technology
Master of Science

The purpose of this study is to investigate RF or Radio Frequency energy as a viable
alternative to traditional heating methods for the purpose of curing resins used in resin infusion
molding, a molding system for polymeric composites. Traditional heating/curing methods
include technologies such as room temperature, oven, microwave, infrared, and ultraviolet.
Although RF curing provides far more advantages than disadvantages, its implementation into a
manufacturing process can be challenging. Specifically, three critical elements must be present
in order for RF to function in a manner that is profitable to the manufacturer. Those elements
are: (1) the proper generator (voltage and frequency), (2) the correct electrode configuration, and
(3) the appropriate material sensitizer (amount and type). There is also the consideration of
initial capital investment; which is by no means insignificant. However, if all 3 elements are
present, the benefits can be immediate and numerous.
Potential advantages include the following: improved part quality through penetrating
and uniform heating; competitive, if not superior, material physical properties; and drastically
reduced curing times. Other potential advantages include floor space savings, high energy
efficiency, and increased operational flexibility. For the purpose of this thesis, experimentation
will be conducted to first confirm and then, if successful, quantitatively capture the reduction in
curing time. Physical properties will also be measured using tensile testing to determine whether
or not RF curing can facilitate minimal loses in the material’s physical properties.

Keywords: David Riddle, Riddle Technologies, RF, radio frequency curing, dielectric heating,
electromagnetic heating, RF generator
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INTRODUCTION

Radio Frequency (RF) technology, as used in resin and composite curing applications,
has existed since the early 1900s. It is a type of dielectric heating which causes molecular
rotation in materials containing polar molecules having an electrical dipole moment. Polar
molecules will align themselves in the presence of an electromagnetic field (See Figure 1).

Figure 1: Dielectric polarization.

If the field oscillates, the polar molecules will rotate continuously in an effort to
magnetically align themselves. Oscillating molecules will push, pull, and collide with other
molecules increasing the average kinetic energy of the atoms or molecules in the material.
Increasing the average kinetic energy will in turn raise the temperature of the material. Thus,
dipole rotation (orientation) is a mechanism by which energy in the form of electromagnetic
radiation is converted to heat energy in matter. (Schmidt 1985)
In this study, direct heating refers to the heating of a material by way of electric current.
The material through which the electric current passes typically falls under one of two
1

classifications. First, the material could be an intermediary resistance heating element used to
transfer heat by way of either direct conduction or radiation. Secondly, as in the case of a glass
melting furnace, the material could be the work-in-process material itself. (Schmidt 1985)
Indirect heating methods refer to those produced by exposing electromagnetic radiation
to a material. (Dielectric Heating for Industrial Processes 1983) A simple way to both see and
understand the scope and range of the electromagnetic spectrum, which contains many of the
indirect heating classes as well as their frequency and wavelength ranges, is by way of visual
representation (See Table 1).

Table 1: The electromagnetic spectrum
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From 1920 to 1940, RF was an exciting heating technology. Manufacturing industry
giants of the period (GE, Westinghouse, Bell, and RCA) were investing in the development of
RF generators and industrial heating equipment. This was during a time when other indirect
technologies, such as microwave, had not yet been developed for heating applications. RF had
only to compete with conventional technologies such as resistive strip, oven, and steam heating
processes.
Although RF generators were readily available, difficulties arose as molders and other enduse fabricators were left to themselves to develop proper electrode configurations. Raybond was
the first to offer both a generator and electrode configuration package. With that exception,
molders and fabricators were typically forced to hire an RF engineer to set up the process.
During WWII, microwave technology came to the front of the nation’s technological stage.
With government backing for research and development into military applications, microwave
was quickly adapted into manufacturing and soon outpaced RF as the most important indirect
heating method.
From 1960 to 1970, aluminum chloride sensitizer was first developed for the wood working
industry in an effort to improve the energy efficiency of their RF curing processes. Energy
efficiency had always been an advantage of RF technology and the potential of increasing that
efficiency by adding a sensitizer to the mix was too cost effective for RF users to ignore. And so
RF began to be rediscovered by the wood working industry as an indirect heating possibility. At
this point in time, RF industrial applications had branched into 4 major markets: furniture
manufacturing, heavy lumber (laminated beams and truck flooring), plastic sealing (pocket
protectors, raincoats, packaging, automotive carpet heel-pads and vinyl coatings, etc.), and highkilowatt specialized industrial applications (paper-mill processing, sand-casting cores for
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automotive engine blocks). Each of the 4 markets typically had between 1 and 2 manufacturers
and each manufacturer employed an RF specialist. Because of the emphasis on microwave
technology, RF was no longer being taught in the US academic realm. RF knowledge in the US
was limited to these RF specialists and passed with them from the industrial scene. (Riddle
2009)
Three elements are necessary for an RF curing system to function properly.

Those

elements are: an RF generator, a proper electrode configuration, and a material sensitizer. Each
element must be present and properly applied in order for the entire system to function
efficiently.
RF can be effectively used in almost any application that requires heat to alter the physical
state of a material. This study considers RF as applied in a simplified version of Resin Infusion
Molding.

1.1

Applications
Early applications of RF heating were focused on the realm of adhesives. In 1942 RF was

used to cure layers of adhesively laminated plywood sheets which had been adapted for use in
aviation. Later in 1950, Raybond successfully integrated RF technology with a mechanical
press to bond together sheets of adhesively-coated wood. And again in 1968 the development
of a method using RF to cure PVA, or Polyvinyl Alcohol adhesive, was developed by a
company called National Starch. Around 1980, scientists began investigating RF as a curing
method for plastics. Some examples of the use of RF to heat and melt or cure plastics include:
acrylics (skylights, taillight lenses), epoxies (primer coatings, electrical laminates), melamines
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(circuit breakers, counter tops), polyesters (microwave cookware, boat hulls), and polyvinyl
chloride (siding, packaging). (Radio-Frequency Heating of Plastics 1987)

1.2

Problem Statement
Many composite and resin applications exist in which curing time represents a production

time bottleneck to the entire manufacturing process. Some applications require many hours if
not an entire work day dedicated solely to the process of curing. Such is the case with
MacGregor Sailboats. Large 3 ton hull molds are first sprayed with a gelcoat which is a thick
finishing layer applied to the inside surface of the mold. From there, sheets of fiberglass are
saturated with resin and added in layers to the surface of the mold. Multiple layers are required
to complete the process and each layer requires a significant amount of time to cure.
A gelcoat typically requires 4 hours of room temperature curing. The sum of all cure times
required for a complete boat hull is roughly 12 hours.

However, it has been asserted by those

familiar with RF technology that, with the proper application of RF technology, cure times for
composite materials can be reduced to a matter of minutes. It is, therefore, the intent of this
thesis to investigate the viability of using RF curing in composites and to demonstrate that RF
technology, when correctly applied with proper equipment, tuning, electrodes, and material
activators can result in significantly reduced cure times for composites. The thesis statement for
this study asserts that RF technology will provide significantly reduced curing times and
competitive tensile strength values in comparison to Room Temperature cured specimens.

5

1.3

Hypothesis
According to Riddle Technologies, three elements are needed in the proper arrangements

and concentrations to successfully design a functional RF heating system. Those elements are
the following: an RF generator with the proper voltage and frequency ranges, a balanced
electrode configuration, and an effective material sensitizer. The null hypothesis for this study
asserts that no reduction in curing time, nor consistency in physical properties, will be observed
in a material sample cured using RF as opposed to material samples cured by way of other
standard curing methods, namely: room temperature, oven, microwave, ultraviolet, and infrared.

1.4

Delimitations
In this study two different ASTM D638 dog-bone specimen sizes were cured. These

specimens were then tested for tensile strength as a way to discover whether or not the physical
properties of the specimens were altered by the RF heating process.

No other means of

examining physical properties were used. Also, the material used to create the specimens was a
common unsaturated polyester resin of the type used widely in many fiberglass reinforced plastic
products. The RF generator featured a 300 W power output with a 27 MHz frequency setting.
The electrode configuration used was a stray field array. Also, the amount of sensitizer added to
the polyester resin was limited to a 5% concentration.

1.5

Definition of Terms

Sensitizer – A catalyst mixed with the material to be cured which increases the responsiveness of
the material to RF energy.
Q100 – The brand name of the sensitizer developed by Riddle Technologies used in this study.
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2

2.1

BACKGROUND AND REVIEW OF LITERATURE

Introduction
In order to advance RF technology as a viable indirect heating process, this study explored

the feasibility of using RF to cure ASTM D638 dog-bone tensile specimens made from a
common polyester resin and 5% Q100 sensitizer mix. This objective suggests that a study be
made of both direct and other indirect heating methods and their effectiveness in curing polyester
resins. The advantages and disadvantages of RF curing versus these other curing methods
should be identified and compared. The use of a sensitizer to facilitate RF curing should also be
explored. The subjects to be addressed include room temperature curing, oven curing,
microwave curing, ultraviolet curing, infrared curing, and of course RF curing.

2.2

Room Temperature Curing
Room temperature curing is a process by which a specimen to be cured is simply exposed

to no temperature greater than normal ambient temperatures. The specimen or part will remain
at ambient temperatures until the curing process is completed.
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Manufacturing production advantages of using room temperature curing include the
following:


Cost is small. There is typically no capital investment or energy cost for this
technology other than a place for the parts to sit while they cure.



Part size is irrelevant. Some manufactured parts are so large that curing by any
other method is impractical.



Allows liquids to remain. Applications requiring a certain amount of liquid to
remain in the part benefit from a room temperature cure since any other curing
method will elevate temperatures to the point all liquid evaporates. (John H.
Glenn Research Center 2009)

Manufacturing production disadvantages of using room temperature curing include the
following:
 Slow cycle times. Room temperature curing is by far the slowest of all the curing
technologies. Even though the process is slow, it should be considered an
alternative depending on production demands.
 Occasionally weaker physical properties. In the case of a Bisphenol A and amine
epoxy resin system, a room temperature cure will result in a physically weaker
part. (Post 1974) This occurs because the molecules do not have sufficient
motion to fully react and develop the level of properties desired.
 Results in shorter polymer chains. Again, as in the case of a Bisphenol A and
amine epoxy resin system, polymer chains are typically shorter than those of a
heat cured resin. (Post 1974)
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2.3

Oven Curing
The types of oven (thermal) curing used most often in today’s industry include the

following: coal, gas, steam, and simple electrical heating of a heating element (as in a home
oven).

Manufacturing production advantages of using oven heating technology include the
following:
 Low initial cost. Equipment for oven curing technology is readily available and
cost effective. Machine maintenance is simple and easier to manage in
comparison to the indirect heating technologies, specifically microwave and RF.
 Simplicity of operation. Oven systems will typically have a fuel supply and
ignition mechanism; or in the case of electric ovens, an electrical hook-up and a
heating element. As opposed to the complex electrode and generator system of
RF heating technology, oven heating is simple.
 Familiarity of technology. Because of its simplicity, oven technology is very
straightforward and easy to understand. The basic principle of oven heating has
been around for hundreds of years. With the exception of room temperature
curing, it is perhaps the oldest and most familiar of the curing technologies.

Manufacturing production disadvantages of using oven heating technology include the
following:


Lengthy heat up cycles. Especially in comparison with indirect heating systems,
ovens have lengthy heat up cycles. This will always have a negative effect on
overall production capability.
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Energy inefficient. As is the case with most ovens, whether fuel-fed or electrical,
heat will typically radiate in a wide range of directions. It is therefore under little
constraint to remain within the confines of the oven and can escape to the
surrounding environment.



Poor temperature control. Because the surrounding environment absorbs a
significant amount of heat it becomes difficult to quickly change the temperature
inside the oven. This can affect both the quality of the cure and the amount of
skilled labor required to monitor the process.



Slower curing times. In comparison to RF, oven heating systems cure at very
slow rates. (Lightsey, et al. 1988)

2.4

Infrared (IR)
IR is one of the many heating methods that involve the subjecting of the material to a

specific range of frequencies within the electromagnetic spectrum.
“Infrared emission is produced when vibrational energy states in atoms in the
crystal lattice of a heating element are excited by ohmic dissipation of electric
currents [electromagnetic radiation]. The wavelength band of the emitted energy,
as well as its intensity, depend on the temperature of the element; the higher the
temperature, the more intense the radiation and the shorter its wavelength of peak
intensity….For most materials, penetration depth of IR radiation is very small (i.e.,
less than 1 mm), and this technology is thus best suited to surface heating and
drying application.” (Schmidt 1985)
“Most infrared heaters employ gas (propane or natural gas) combustion to heat a
steel tube (tube heater) or ceramic surface (luminous heater), which subsequently
emits infrared heat. It’s important to note how much infrared heat is emitted
(infrared efficiency). You should also be aware that an infrared burner produces
both infrared radiant heat (that is directed at people and objects) and convection
heat that rises and is effectively lost.” (Infrasave Radiant Heaters 2009)
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Advantages of IR heating technology in manufacturing applications include the following
(Schmidt 1985):


Low capital and maintenance cost. IR units are typically simple in both form and
function.

Installation and maintenance procedures are straightforward and

expeditious. Replacement of heating elements has been described as “easy as
replacing a light-bulb.” (Schmidt 1985)

Also, the lifetime of the heater’s

components can last into the range of tens of thousands of hours.


Fast start-up and shut-down. Within moments of actuating the heating elements
within an IR heating system, full temperature can be realized. Cool down cycle
times are more or less equally sudden.



Controllability. There is a great deal of flexibility inherent in an IR heating system.
Its construction typically consists of multiple heating element banks which can be
individually controlled allowing an increased level of adaptability. This is always
profitable in an environment of ever-changing process requirements.



Good working environment. Although not as efficient in heat loss as dielectric
heating processes, IR is quiet and emission-free.

Disadvantages of IR heating technology in manufacturing applications include the
following (Schmidt 1985):


Energy cost. While gas-fired IR heating can be an alternative to electric IR in some
applications, the decision to use one over the other depends on the cost and
availability of gas and electricity which typically depends on the facility’s physical
location and layout.

11



Uniformity of heating. As cited earlier, luminous or gas-fired heaters typically use
ceramic radiating surfaces. These surfaces tend to project a uniform heat pattern.
However this can become a disadvantage with electric elements since multiple
elements with overlapping radiation patterns are required to achieve the same heat
pattern uniformity.



2.5

Depth of cure. The limited penetration restricts IR to thin parts.

Ultraviolet (UV)
Figure 2 portrays a simplified flowchart illustrating the physical mechanism behind the

process of ultraviolet heating.

Figure 2: Mechanism of ultraviolet radiation curing.

“The photoinitiator is a molecule sensitive to radiation in the UV spectrum which,
upon irradiation, becomes a highly reactive free radical. The free radical quickly
attaches to a molecule of the monomer, which in turn becomes reactive and
attaches itself to another monomer molecule.
12

The result is a rapid cross-linking and polymerization of the coating,
producing a hard surface in a few thousandths of a second. UV radiation is
produced by ionization of gases in an electric arc or discharge. Mercury vapor
and xenon are the most common gases, and the discharge may be produced either
by an arc between electrodes or by placing the tube containing the gas in a
microwave field.” (Schmidt 1985)

Manufacturing production advantages of using ultraviolet heating technology are many.
(Schmidt 1985) Some of the most prominent and significant include the following:


A prompt cure for shallow applications. The polymerized coating transitions
from the liquid to solid physical state in a matter of seconds though limited in its
heat penetration when compared to RF. Because UV has such shallow heat
penetration it must first heat the surface of a part and then allow time for the
surface heat to permeate the entire part. RF curing systems heat at the molecular
level meaning the entire volume of the part heats up simultaneously.



Compact size. Relative to conventional curing ovens, UV systems are quite
small. They typically take up all the space of a lamp to accommodate the UV
bulb or equivalent heating element and whatever space is required to contain the
product being cured. Whereas RF heating systems can vary in size from the very
small to the very large. RF system size depends primarily on the size of the
electrode configuration which in turn depends on part size.



Energy efficiency. UV curing can be described as very energy efficient because
little or no energy is expended in heating the base material on which the coating is
applied.
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Suitability for heat-sensitive materials. UV curing can be an ideal technology for
coatings on heat-sensitive materials such as wood or paper since no heating is
required to cure the surface finish.



Environmental cleanliness. UV coatings will typically not produce harmful or
unstable byproducts providing a relatively safe and environmentally friendly work
environment.

Manufacturing production disadvantages of using ultraviolet heating technology include
the following (Schmidt 1985):


High cost of coating materials. UV-oriented coatings are most often more costly
than conventional coatings. These coatings must contain a chemical entity that is
sensitive to UV radiation and this requirement limits choices often increasing
costs.



Toxicity of some monomers. Despite the overall safe and environmentally
friendly reputation of UV-oriented coatings, some monomers are quite toxic and
must be handled with the appropriate countermeasures.



Requirement for precise control.

UV coatings require a certain amount of

irradiation to affect a proper cure. Coating elements must also be mixed in the
proper proportions to ensure a satisfactory result.


Shallow heat penetration. UV light penetration is typically limited to only a few
micrometers. (Romera-Fernandez, et al. 2007)
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2.6

Microwave
Microwave heating is a type of dielectric heating technology that employs electromagnetic

radiation. The physical principles by which dielectric heating operates were introduced in the
Chapter 1 Introduction. An efficient dielectric material will dissipate very little of its field
energy. Instead, the field energy “is simply stored and returned in each cycle like the action of a
frictionless spring.” (Schmidt 1985) On the other hand, a less efficient, or “lossy” dielectric
material, dissipates its field energy by “internal damping forces acting on the dipoles and by
internal conduction losses.” (Schmidt 1985) These less efficient dielectric materials are of the
most interest in regards to both RF and microwave heating.
“The degree of dielectric loss, and hence heating, in a material is proportional to
its dielectric loss factor (sometimes also called its “loss tangent”), a dimensionless
physical property dependent on its composition, its temperature, and the frequency of
incident radiation….At radio frequencies, dielectric loss tends to be dominated by
conduction effects, while at microwave frequencies polarization losses predominate.”
(Schmidt 1985)

Microwave is a dielectric heating technology although the method by which microwave
technology generates electromagnetic energy is different from those already considered. To do
this microwave employs the use of a magnetron (See Figure 3) as a signal generating device.
The means by which microwave technology applies its electromagnetic field to a part is most
often a multimode cavity, commonly called a microwave oven. (Oda 1985)
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Figure 3: Microwave heating system.

Production advantages of microwave heating systems include the following (Schmidt
1985):
 Rapid heating and drying. Microwave heating begins from the inside out. This is
possible since all polar molecules, in the presence of an electromagnetic field,
will begin moving at the same time. In this way, dielectric heating systems are
able to heat an entire part, inside and out, simultaneously. In contrast, direct
heating methods, such as oven heating, must begin by applying heat at the
surface of the part which then travels inward. The overall effect of a dielectric
heating system is faster heating and drying cycles.
 Low energy consumption.

Microwave heating systems are typically energy

efficient due to low levels of parasitic heat loss. This means that heat is kept
within the material rather than dispersed into the surrounding environment.
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 Compact size. In comparison with conventional non-dielectric heating methods,
the equipment to produce microwave heating systems is much smaller and
requires much less production space.
 Fast start-up and shut-down.

Microwave system actuation is almost

instantaneous resulting in increased throughput and reduced cycle times.
 Precise control. Power over heat intensity is absolute and immediate.
 Good working environment. Heat lost to the environment is minimized since
much of it is retained within the material being cured. Workplace temperature
control and ventilation requirements are significantly reduced.
 Moisture reactivity.

Microwave heating impacts areas with higher moisture

content more so than regions without comparable moisture levels.

This is

because water has a high dielectric loss factor. Meaning, water, more than most
dielectric materials, dissipates energy through internal conduction losses and
internal damping forces which act on its polar molecules. The net result is
material with higher moisture content will heat up more quickly in a dielectric
heating system than material without.

Production disadvantages of microwave heating systems include the following (Schmidt
1985):


High capital cost of equipment. When compared with comparable direct heating
equipment of the same production capacity, microwave capital investment
requirements are significantly elevated. Is some instances capital equipment costs
for RF systems can be smaller than those of microwave and oven curing systems.
For example, the estimated cost of a microwave drying system for 500 tons per
17

day of acid hydrolysis was $13,000,000 based on $5000 per installed KW.
Whereas the estimated cost of an RF system for the same process was $7,800,000
and for a vacuum oven, $8,000,000. (Lightsey, et al. 1988) Capital equipment
costs are offset to a degree by lower installation costs however the overall cost for
dielectric systems reaches a higher plane.


Lack of inherent self-regulation. Over-heating and the consequential damage
experienced by the material is more likely to occur in dielectric systems unless
improved feedback systems are incorporated into the heating organization.

2.7

Radio Frequency (RF)
At the core of the RF generator is a standard oscillator circuit which makes use of

industrial triodes to generate electromagnetic energy. This energy is then applied by way of
various electrode configurations. Upper output levels for an RF generator typically reside
somewhere around 100 kW with lower levels falling in the 3 kW range. All of this depends on
the size and dielectric loss factor of the part to be manufactured. Triode tubes will typically
come guaranteed up to 2000 hours though most will run in excess of this figure. “A lifetime of
15,000 hours is not unusual.” (British National Committee for Electroheat 1983)

2.7.1 Advantages
Some of the advantages listed in this section are similar in some respects to microwave
heating but are listed here also to illustrate the many advantages of RF systems.
advantages are unique to RF curing. (Radio-Frequency Heating of Plastics 1987)
are as follows:
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Other

Advantages



Rapid heating and drying.

RF heating begins from the inside out. This is

possible since all polar molecules, in the presence of an electromagnetic field, will
begin moving at the same time. In this way, RF heating systems are able to heat
an entire part, inside and out, simultaneously. However, direct heating methods,
such as oven heating, must begin by applying heat at the surface of the part which
then travels inward. The overall effect of a RF heating system is faster heating
and drying cycles.


Low energy consumption. RF heating systems are typically energy efficient due
to low levels of parasitic heat loss. This means that heat is kept within the
material rather than dispersed into the surrounding environment.



Compact size. In comparison with conventional non-dielectric heating methods,
the equipment to produce RF heating systems is much smaller and requires much
less production space.



Fast start-up and shut-down.

RF system actuation is almost instantaneous

resulting in increased throughput and reduced cycle times.


Precise control. Power over heat intensity is absolute and immediate.



Good working environment. Heat lost to the environment is minimized since
much of it is retained within the material being cured. Workplace temperature
control and ventilation requirements are significantly reduced.



Moisture reactivity. RF heating impacts areas with higher moisture content more
so than regions without comparable moisture levels. This is because water has a
high dielectric loss factor. Meaning, water, more than most dielectric materials,
dissipates energy through internal conduction losses and internal damping forces
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which act on its polar molecules. The net result is material with higher moisture
content will heat up more quickly in a dielectric heating system than material
without.


Increased heat penetration and uniformity.

RF energy exhibits longer

wavelengths than those extracted from microwave energy.

The result is

improvements in heat penetration and uniformity.


Shortened production cycle times. Because of the increased abilities in heat
penetration and uniformity the material being cured requires a smaller amount of
exposure to a heat source than in other curing systems, including microwave.
Also, sensitizers added to the material being cured can have a catalytic effect on
the speed of the curing process.



Increased control over exposure area.

Another benefit of the sensitizer

component is improved efficiency in the manufacturer’s ability to apply heat in
pinpoint locations. The overall effect is a minimization of heat usage and loss.
This promotes a cascade effect which also diminishes maintenance requirements
and production downtime.


Resin flexibility. RF expands the variety of resin choices given to manufacturers.
A manufacturer will look for certain material properties but the choices are
ultimately governed by the curing processes available. However, because of the
savings in time, energy, and a speedier cure, RF broadens the manufacturer’s
range of choices.
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2.7.2 Disadvantages
Disadvantages are common among dielectric heating systems unless cited as being
unique to RF. (Radio-Frequency Heating of Plastics 1987) Production disadvantages of RF
heating systems include the following:


High capital cost of equipment. When measured against comparable heating
equipment of the same production capacity, RF capital investment requirements
are significantly elevated. However, cost is always contingent upon the context of
the application. Is some instances capital equipment costs for RF systems can be
smaller than those of microwave and oven curing systems. For example, the
estimated cost of a microwave drying system for 500 tons per day of acid
hydrolysis was $13,000,000 based on $5000 per installed KW. Whereas the
estimated cost of an RF system for the same process was $7,800,000 and for a
vacuum oven, $8,000,000. (Lightsey, et al. 1988)



Lack of inherent self-regulation. Over-heating and the consequential damage
experienced by the material is more likely to occur in dielectric systems unless
improved feedback systems are incorporated into the heating organization.



High installation cost. More installation time is typically required for RF systems
versus other dielectric heating methods. Completely unique to RF technology is
the electrode configuration element. Unlike microwave’s magnetron, additional
work is required to optimize electrode configuration geometry and location.
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2.8

The Riddle Element
Mr. Riddle was first introduced to RF in 1978 while working for L&L as the company’s

sales and service manager. In 1985 Riddle met a chemist named Norm Sato and began working
with him on the development of RF technology in the curing of non-aqueous adhesives. In 1986,
Riddle left L&L to form Dielectric Heating Industries and continued his pursuit of seeking an RF
solution to curing non-aqueous adhesives. During this time Riddle developed the fundamentals
of his proprietary RF heating technology. In 1988, Riddle was hired by Newman-Whitney (the
parent company of Raytherm) to reorganize its RF gluing company.
Later in 1989, Riddle was invited to present a paper called “Dielectric Heating of
Thermalset Adhesives” (Society of Manufacturing Engineers 1989) at a technical paper
conference of the Society of Manufacturing Engineers in Detroit where he was challenged to
apply this technology to the curing of composite resins. While still at Raytherm, and working in
conjunction with HB Fuller Company, Riddle consulted with Southeastern Glass Laminates in an
effort to cure polyester resin for a variety of applications. In 1990 Riddle collaborated with HB
Fuller and began work on a project for Ford Motor Company to cure polyurethane adhesives for
an automotive application. During this time, Riddle was continuing his work with Norm Sato in
a focused effort to develop a new sensitizer. Their efforts resulted in Q100, the sensitizer used in
this study.
Later in 1991, a recession caused Southeastern Glass Laminates to close their doors
which ended their hopes of pursuing R&D of RF technology.

Newman-Whitney also

experienced economic distress which dried up the financial resources once allocated to Riddle
for his efforts in developing RF curing technology. At the same time Ford was attempting to
create ownership rights for future patents and proprietary knowledge.
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Arrangements were

initiated by Ford with HB Fuller to exclude Riddle from further involvement in any RF-related
projects. Over the next few years, anyone that had ever had any involvement with Riddle and his
curing projects at HP Fuller was relocated. Because of this, Riddle was unable to financially
pursue his work with RF technology and was forced to remain stagnant for a number of years.
In 1999, after returning to Utah, Riddle attempted to revive his RF curing of plastics
projects to a commercial level. He was inspired by an article about Professor Brent Strong
featured in BYU Magazine in which he was referred to as the university’s “plastic man”. (Walch
1992) Riddle was introduced to Dr. Strong by a rotational molding company in Brigham City
owned by Dave Little. Riddle had the opportunity to discuss with Dr. Strong his experiences in
the development of RF technology. Years later, Riddle approached Dr. Strong in an effort to
revive the technology for commercial applications which lead to the initiation of this study.
To this day, Riddle maintains that with the proper RF generator, electrode configuration,
and Q100 sensitizer concentration, his system can out-perform (in terms of reduced cycle times
and superior physical properties) any current direct or indirect curing technology.

It was

apparent to Riddle, back in 1978 that the potential of RF technology was incalculable. But
because of the previously mentioned financial setbacks and political maneuvering, his dreams for
RF technology have never come to fruition. As a result of this study’s research, Riddle has
attracted the attention of OC Tanner Company in Salt Lake City in curing polyester resins for
plaques in the recognition and appreciation industry. That project is currently underway.
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3

3.1

EXPERIMENTAL METHOD

Introduction
The sections of chapter 3 describe the experimental method and procedures used to

conduct the research portion of this study. Sections include: a Curing Time Study, a Tensile
Test Study, and an examination of the RF Generator, Electrode Configuration Options,
Sensitizer, and Resin.

3.2

Curing Time Study

3.2.1 Method
A central focus of this study is the determination of whether or not an RF heating system is
capable of reducing the amount of time it takes to cure an ASTM D638 tensile specimen of
polyester resin; commonly called a dog-bone. Two different dog-bone sizes were used in this
study because of possible sensitivity of the curing system to the amount of material present.

3.2.2 Mold Making
In order to construct both large and small RF cured dog-bones, it was necessary to first
fabricate molds into which liquid polyester resin could be poured. Mold fabrication began with
the creation of master templates, or pre-existing dog-bones, made from ABS, which conform to
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the dimensional standards of an ASTM D638 tensile specimen (Master Precision Products, Inc
2009) (See Figures 4 and 5).

Figure 4: LDB master template for specimen mold fabrication.

Figure 5: SDB master template for specimen mold fabrication.

These templates were then placed in a fixed position at the bottom of flat, rectangular,
Teflon-coated pans. A silicone molding material was prepared, 140 grams of which was poured
into the pans. The silicone molding material was made by mixing 10 parts (256.6 g) GP 25
Silicon Base and 1 part (25.66 g) Hi Pro Blue Silicone Catalyst. After curing, the newly
hardened silicone molds were removed from the Teflon-coated pans and the master templates
were removed (See Figures 6 and 7). Because of the smaller size of the small dog-bone
specimens, it was determined efficient to create a mold with twice the output by forming two
separate mold cavities.
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Figure 6: SDB specimen mold.

Figure 7: LDB specimen mold.
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3.2.3 Preparation of the Polyester Dog-bone Specimens

A calculation of the volume for both large (7.5 g) and small (1.0 g) dog-bones provided a
benchmark for the amount of polyester resin mix needed to create the specimens. It was
determined that it would be most efficient to fabricate only enough polyester resin mix for a
single large dog-bone and 2 small dog-bones at a time due to the natural tendency of the mixture
to quickly harden. The mixture quantities were measured on an Ohaus Triple Beam Balance 700
Series Scale (See Figure 8).

Figure 8: Balance scale used to measure resin mixture.

The polyester resin mix consists of the following chemical components: (yield is sufficient
to produce 1 large dog-bone and 2 small dog-bone specimens) polyester resin, Q100 sensitizer +
Resin Mixture (Q100 + Resin Mix), and MEKP Hardener (mixing quantities are proprietary
under Riddle Technologies). The polyester resin mixture will hereafter be referred to as Formula
B.
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The components of Formula B were then agitated for precisely 1 minute in a 60mm
polystyrene petri-dish and then were poured into both the large dog-bone and small dog-bone
molds. A straight-edged implement was carefully drawn across the open surface of each mold to
remove excess formula and ensure proper geometry of each specimen.
At this point the mold was positioned longitudinally on the electrodes comprising the stray
field configuration used for experimentation.

The cycle time stopwatch was initiated

consecutively with a trigger actuator which controlled the release of electromagnetic heat to the
electrodes. A common protractor superimposed over a lever arm actuator provided a reference
with which to control both the voltage of the generator and the amount of capacitive reactance
the specimen was exposed to (See Figure 9).

Figure 9: Stray field electrode configuration.
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The working range of RF energy to which the specimens were exposed was limited to a
narrow window on the protractor. As seen in Figure 10, excessive capacitive reactance and
voltage levels will result in porosity, discoloration, and brittleness.

Excessive capacitive

reactance and voltage levels instigate a phenomenon called thermal runaway. Thermal runaway
occurs when energy is absorbed preferentially by regions of the part exhibiting higher
temperatures. The result is unstable temperature gradients scattered throughout the volume of
the mass which cause air bubbles to form, discoloration from burning, and brittleness from
sudden exposure to high temperatures. (Evans and Penfold 1993) Inappropriate settings will also
result in inordinate curing cycle times.

Figure 10: The result of excessive voltage levels.
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3.2.4 Experimental Design
Experimentation was divided into two areas of focus: large dog-bone specimens and small
dog-bone specimens. A large dog-bone will hereafter be referred to as an LDB, and a small dog
bone as an SDB. If an LDB or SDB designation is followed immediately by a number, then a
specific experimental specimen is being referenced.
For example LDB1 refers to large dog-bone specimen number 1. Room temp cured
control specimens will be designated as LC (large dog-bone control) and SC (small dog-bone
control). Formula B was used in the fabrication of all specimens.
Curing time is presented in the following format: hrs: min: sec and was measured with a
standard desktop timer. Given that the position of the lever regulating generator voltage and
capacitive reactance is never constant or fixed from one specimen to another, only average lever
positions (voltage values) will be presented.
Tables 2 and 3 feature copies of the spreadsheets used for the construction and direction of
both LDB and SDB experimental processes. Collected data is curing time and lever position
(voltage). Observed data is amperage and date.
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Table 2: LDB experimental data collection spreadsheet
SPECIMEN DATE FORMULA CURING TIME TEMPLATE AMPS LEVER POSITION
(VOLTAGE)
LC1

B

LDB

LC2

B

LDB

LDB5

B

LDB

LDB7

B

LDB

LDB8

B

LDB

LDB11

B

LDB

LDB13

B

LDB

LDB17

B

LDB

LDB18

B

LDB

LDB19

B

LDB
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Table 3: SDB experimental data collection spreadsheet.
SPECIMEN DATE FORMULA CURING TIME TEMPLATE AMPS LEVER POSITION
(VOLTAGE)
SC1

B

SDB

SC2

B

SDB

SC3

B

SDB

SC4

B

SDB

SC5

B

SDB

SC6

B

SDB

SDB1

B

SDB

SDB2

B

SDB

SDB3

B

SDB

SDB4

B

SDB

SDB5

B

SDB

SDB6

B

SDB

SDB7

B

SDB

SDB8

B

SDB

SDB9

B

SDB

SDB10

B

SDB
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3.3

Tensile Test Study

3.3.1 Method
Pictured below is a model 4204 Instron tensile testing machine (Meier 2004) (See Figure
11). A similar apparatus, located in one of the material testing facilities at Brigham Young
University’s School of Technology, was used in this study to determine the tensile strength of
both room temperature and RF cured specimens. Figures 12 and 13 illustrate the major
dimensions of both LDB and SDB tensile test specimens used in the study.

Figure 11: Model 4204 instron.
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Figure 12: ASTM D638 type I tensile bar for LDB specimens.

Figure 13: ASTM D638 type V tensile bar for SDB specimens.

Test specimens were positioned longitudinally and gripped by two opposing vice grips or
“claws.” (See Figure 14) The jaws in this figure are somewhat larger than those used in the
study; however the geometrical shape and mechanism of opening and closing are similar enough
to warrant comparability.
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Figure 14: Tensile jaws.

Specimens were then pulled at a rate of 1 mm/second for LDBs and 0.25 mm/second for
SDBs. Computer software captured data points every 100 ms and created .pdf graphs within
moments of specimen break or failure. The purpose of the following pictorial simulation is to
provide a general idea of the geometrical changes a specimen experiences as the upper jaw
slowly pulled in a retrograde motion to the stationary lower jaw (See Figure 15).
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Figure 15: Tensile test simulation.

As the specimen approaches the point of tensile failure, it experiences a phenomenon
called “necking.” Necking signifies the onset of plastic deformation and results in a narrowing
of the specimen’s width. It is most easily observed at the bottom of the simulation in red.

3.3.2 Experimental Design
The experimental design for this portion of the study was fairly straightforward. A basic
spreadsheet was composed to record specimen ultimate tensile load, and elongation.

37

Newtons were the metric of choice for the ultimate tensile load and millimeters for the
elongation. A blank copy of the spreadsheet used to record incoming tensile data for LDB and
SDB specimens are shown in Tables 4 and 5.

Table 4: LDB tensile test data collection spread sheet.
SPECIMEN ULTIMATE TENSILE LOAD (N) ELONGATION (MM)
LC1
LC2
LC3
LDB1
LDB2
LDB3
LDB4
LDB5
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Table 5: SDB tensile test collection spread sheet.
SPECIMEN ULTIMATE TENSILE LOAD (N) ELONGATION (MM)
SC1
SC2
SC3
SDB1
SDB2
SDB3
SDB4
SDB5

3.4

The RF Generator

3.4.1 Components
Figures 17 and 18 depict both a physical and schematic layout of an oscillator circuit
similar to the one used in this study. Typical generators house a circuit called a Modified
Hartley Circuit (Zimmerly 1985). The generator used in the research portion of this study was a
push-pull or Colpitts Circuit and differs from the Hartley Circuit in that Colpitts has 2 final
assembly oscillator tubes whereas the Hartley has a single triode tube. The Colpitts is more rigid
and fixed at 27 MHz whereas the Hartley will fluctuate with the load.

Another difference is in

the way the grid is controlled. The grid controls the switching off and on of the tube (See Figure
16).
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Figure 16: Common triode power tube.

Colpitts incorporate capacitors to control the tube while the Hartley uses taped inductors to
manage the oscillation. This is not a vital point in differences between the two circuits, but
having a floating frequency and a tube oscillator is critical. These circuits are responsive to the
load which is a hefty contributor to the effectiveness of the curing process. The ability of the tube
to respond to a wide range of loads is a major advantage of these Hartley circuits.
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Figure 17: Modified hartley oscillator circuit.

Figure 18: Similar modified hartley oscillator schematic.
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The following are descriptions of the major generator components, as pictured in figures
17 and 18:


L1 – 4 turn copper pipe tube.



L3 – 15 turn choke coil.



L4 – 40 turn choke coil.



C1 – Ceramic capacitor rated for 40 kV



C2 – Vacuum variable capacitor rated for 40 kV and 100-900 pf.



V1 – 3CX2000 HC Variable Power Triode featuring anode, cathode, and grid elements.
(Philips 1989)

3.5

The Electrode Configuration

3.5.1 The 3 Types
There are 3 main types of electrode configuration (Figures 19, 20, and 21). There are
countless variations, adapted to the many differences in geometry exhibited by the multitude of
parts in need of a curing system. However most are derived from one of the following:

Figure 19: Staggered through field configuration.
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Figure 20: Stray field configuration.

Figure 21: Direct through field configuration.

Through field configurations are typically the most efficient. Opposing plates will match
as closely as possibly the surface area and geometry of the part to be cured. Material is located
directly between electrodes while other configurations expose the material to electromagnetic
energy through more indirect routes.

3.6

The Sensitizer
The function of a dielectric sensitizer is to increase the responsiveness of materials (in this

case polyester resin) to RF energy. Besides Q100, developed through Riddle Technologies, the
only other competitive sensitizer is called Struktol by Philips Petroleum Company. Typical
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sensitizer concentrations for most applications range in concentration levels from 4-10%.
(Thorsrud 1989) A sub-hypothesis of this study is that desirable curing results can be obtained
using only 0.5% sensitizer, a significant achievement considering the percentage of sensitizer
used by other RF processes.

3.7

The Resin

3.7.1 Resin Type
Polyester resin is very common and used in a wide range of applications. Some of which
include the following: buildings, construction, sanitation, chemical container tanks, and pipe
lines. (Poliya 2009) Because of its widespread use, polyester resin is both applicable and cost
effective for the purposes of this study.
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4

4.1

RESULTS AND ANALYSIS

Introduction
This chapter contains discussion and analysis of both the Curing Time Study and the

Tensile Test Study.

4.2

Curing Time Study

4.2.1 Results
This section presents data collected during the experimentation phase of the study.
Again, measured variables include curing time, amps, and lever position (voltage). Fabrication
of more than one specimen at a time was attempted as much as possible in an effort to minimize
variation and promote repeatability. Table 6 reveals results for the LDB specimens.
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Table 6: LDB curing time study data spread sheet.
SPECIMEN

DATE

FORMULA

CURING TIME

TEMPLATE

AMPS

LEVER POSITION
(VOLTAGE)

LC1

6/23/2007

B

06:00:00

LDB

n/a

n/a

LC2

6/23/2007

B

06:00:00

LDB

n/a

n/a

LDB5

6/23/2007

B

00:04:00

LDB

.28-.30

110

LDB7

7/14/2007

B

00:06:00

LDB

.28-.30

75

LDB8

7/14/2007

B

00:06:00

LDB

.28-.30

80

LDB11

9/8/2007

B

00:05:00

LDB

.28-.30

87.5

LDB13

9/8/2007

B

00:05:00

LDB

.28-.30

87.5

LDB17

9/8/2007

B

00:03:30

LDB

.28-.30

90

LDB18

9/8/2007

B

00:04:40

LDB

.28-.30

90

LDB19

9/8/2007

B

00:04:00

LDB

.28-.30

90

The curing time test results are presented graphically in Figure 22. Although such a large
discrepancy between room temperature cured specimens and RF cured specimens was expected,
the RF cure time results remain remarkable.
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Figure 22: LDB curing time results.

Lever position relfects the level of both capacitive reactance and voltage delivered to the
load. By making relatively small lever adjustments the levels of electromagnetic energy, and
therefore heat intensity of the system, were mostly constant. Refer to section 3.2.1 for further
explanation of the effects both excessive and insufficient lever positions (voltage) can have on
the material exposed to the electrode configuration. Lever positions for LDB specimens are
shown in Figure 23. Comparable results were anticipated and indeed realized for the SDB
specimens (See Table 7).
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Figure 23: LDB lever positions reflecting capacitive reactance and voltage levels.
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Table 7: SDB curing time study.
SPECIMEN

DATE

FORMULA

CURING
TIME

TEMPLATE

AMPS

LEVER POSITION
(VOLTAGE)

SC1

6/9/2007

B

02:30:00

SDB

n/a

n/a

SC2

6/9/2007

B

02:30:00

SDB

n/a

SC3

6/9/2007

B

02:30:00

SDB

n/a

SC4

6/9/2007

B

02:30:00

SDB

n/a

SC5

6/9/2007

B

02:30:00

SDB

n/a

SC6

6/9/2007

B

02:30:00

SDB

n/a

SDB1

6/9/2007

B

00:02:50

SDB

SDB2

6/9/2007

B

00:01:00

SDB

SDB3

6/23/2007

B

00:01:30

SDB

SDB4

6/23/2007

B

00:02:00

SDB

SDB5

6/23/2007

B

00:01:30

SDB

SDB6

7/14/2007

B

00:04:00

SDB

SDB7

7/14/2007

B

00:04:14

SDB

SDB8

7/14/2007

B

00:04:00

SDB

SDB9

7/14/2007

B

00:04:00

SDB

SDB10

7/14/2007

B

00:04:00

SDB

.28.31
.28.30
.28.30
.28.31
.28.31
.28.31
.28.31
.28.31
.28.31
.28.31

n/a
n/a
n/a
n/a
n/a
110
100
110
120
130
75
80
80
80
80

On average, curing times were reduced for the SDB specimens. These results are not
startling considering the size of the specimens in comparison with LDB specimens (See Figure
24).
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Figure 24: SDB curing time results.

Again, on average, lever positions were similar to those used to cure the LDB samples.
After an intial period of adjustment, the amount of capacitive reactance and voltage needed per
specimen became increasingly consistent (See Figure 25).
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Figure 25: SDB lever positions reflecting capacitive reactance and voltage levels.

4.2.2 Analysis

Although SDB curing times were smaller in comparison to LDB curing times. This was
expected due to the smaller volume of Formula B used to fill the SDB specimen mold. The
results were impressive considering the fractional amount of sensitizer concentration in the
formula.
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4.3

Tensile Test Study

4.3.1 Results
This portion presents the results of the tensile testing for both LDB and SDB specimens.
The ultimate tensile load of the specimen is the maximum load the material can endure before
failure. The elongation of the specimen is the distance the material stretches or elongates before
failure.
Data for both the ultimate tensile load and elongation experienced by LDB specimens is
presented in Table 8.
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Table 8: LDB tensile test data.
SPECIMEN ULTIMATE TENSILE LOAD (N) ELONGATION (MM)
LC1

570

4.25

LC2

380

2.50

LC3

540

3.00

LDB5

550

2.50

LDB6

450

3.50

LDB7

580

2.00

LDB8

525

3.50

LDB10

370

5.00

LDB11

685

3.00

LDB13

670

2.50

LDB14

485

1.00

LDB15

450

1.50

LDB17

640

3.00

LDB18

700

3.00

LDB19

650

4.00

LDB22

475

3.00

LDB23

545

2.50

LDB24

650

2.50

LDB29

445

2.00

LDB30

550

3.00
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Figure 26 is a typical representation of a stress-strain curve. The tensile testing software
used for this study generates similar graphs to capture the physical performance of the tensile
specimens. (Roylance 2001)

Figure 26: Example of a common stress versus strain curve.

The term “Elastic Region” refers to deformation due to tensile stress that is recoverable.
Or in other words, while in this region the specimen retains enough strength or elasticity to
recover its original shape upon termination of tensile stress. “Plastic Region” refers to a section
of the graph where elastic recovery is no longer possible. The plastic deformation experienced
by the specimen is too severe for it to regain its original shape. Ultimate Tensile Strength is the
equivalent of the Ultimate Tensile Load and refers to the maximum amount of Stress or Load
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the specimen can endure before experiencing failure. The Yield Strength marks the point at
which the increasing tensile load has carried the specimen from the Elastic to the Plastic
Region. (Roylance 2001)
Figure 27 is a typical representation of the type generated by the tensile testing software.
Its data corresponds to LDB 5.

Figure 27: LDB 5 load versus elongation curve.

Figure 28 is a graphical summary of both ultimate tensile loading and elongation of LDB
specimens. Three room temperature cured control specimens were compared to 17 RF cured
specimens. See Table 9 and Figure 30 for spreadsheets and graphs containing SDB tensile test
study data.
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Figure 28: LDB tensile test data.
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Table 9: SDB tensile test data.
SPECIMEN ULTIMATE TENSILE LOAD (N) ELONGATION (MM)
SC2

101

1.50

SC4

77

2.00

SC5

108

1.00

SC6

43

6.00

SDB1

102

0.80

SDB2

80

0.50

SDB3

95

1.00

SDB5

65

1.00

SDB6

120

2.00

SDB7

83

7.50

SDB9

65

4.30

SDB10

130

1.30

Again, ultimate tensile load found in Figure 29 is the point before failure at which the
specimen experiences the greatest load. The graph corresponds to SDB 10.
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Figure 29: SDB 10 load versus elongation curve.

Figure 30: SDB tensile test data.
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4.3.2 Analysis
The average ultimate tensile load for the control specimens was 497 N and that of the
LDB RF group was 554 N. 33% of the LDB control specimens either attained or exceeded an
ultimate tensile load of 550 N while 53% of the RF cured LDB specimens achieved the same
result. In addition, the highest ultimate tensile load from the control group was LC1 at 570 N
while 6 RF cured specimens met or exceeded a level of 640 N; a difference of 70 N.
The ultimate tensile load average for the SDB control group was 82 N while that of the
RF cured SDB group was 93 N. 50% of control group specimens met or exceeded a level of 80
N while 75% from the RF group did the same. The highest ultimate tensile load achieved by the
control group was SC5 at 108 N. While SDB 6 achieved 120 N and SDB 10 reached 130 N.
A statistical analysis was performed in which the data was subject to a t-test study to
determine whether or not a statistical difference exists between the mean of the room
temperature specimens and that of the RF specimens.

Table 10: LDB t-test results.
Variable
Treatment =
C
Treatment =
T
Variance
Assumption
Equal
Alternative
Hypothesis
Difference
<> 0

Count

Mean

Standard
Deviation

Standard
Error

95% LCL
of Mean

95% UCL
of Mean

3

493.3333

103.2392

59.60518

236.8729

749.7938
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430.5667

176.071

32.14603

364.8206

496.3127

DF

Mean
Difference

Standard
Deviation

Standard
Error

95% LCL 95% UCL
Diff
Diff

31
TValue

62.76667

172.3037

104.3351

-150.0262

Probability
Level

Reject H0
at .050

Power
(α = .050)

Power
(α = .010)

0.6016

0.551823

No

0.089778

0.023280

59

275.5595

The 0.55 probability level clearly indicates that there is not a statistically significant
difference between the mean of the Room Temperature specimens and that of the RF specimens.

Table 11: SDB t-test results.
Variable

Count

Mean

Standard
Deviation

Standard
Error

95% LCL
of Mean

95% UCL
of Mean

Treatment
=C
Treatment
=T
Variance
Assumption
Unequal

6

117.3333

59.43961

24.26612

54.95529

179.7114

10

81.7

31.1343

9.84553

59.42786

103.9721

DF

Mean
Difference

Standard
Deviation

Standard
Error

6.68

35.63334

67.10001

26.18738

-26.89424

T-Value

Probability
Level

Reject H0
at .050

Power
(α = .050)

Power
(α = .010)

1.3607

0.217722

No

0.216036

0.064718

Alternative
Hypothesis
Difference
<> 0

95% LCL 95% UCL
Diff
Diff
98.1609

The difference between Room Temperature and RF specimen standard deviations was
large enough to necessitate a Welch T-Test. The Probability Level of 0.22 indicates that there is
no statistical difference between the two specimen types.
It should be noted that the sample sizes in both studies were small. It should also be
noted that if the difference in means is large in practical terms, but not significantly different,
then the sample size is too small to determine a significant difference between the two types.
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5

5.1

CONCLUSIONS AND RECOMMENDATIONS

RF Curing
Radio-Frequency (RF) technology, as used in curing applications, is a type of dielectric

heating that causes molecular rotation in materials containing polar molecules having an
electrical dipole moment.

Polar molecules will align themselves in the presence of an

electromagnetic field.
If the field oscillates, the polar molecules will rotate continuously in an effort to
magnetically align themselves with the field. Oscillating molecules will push, pull, and collide
with other molecules increasing the average kinetic energy of the atoms or molecules in the
material. Increasing the average kinetic energy will in turn raise the temperature of the material.
Thus, dipole rotation is a mechanism by which energy in the form of electromagnetic radiation is
converted to heat energy in matter.
Other methods of heating are also used for polymeric composites, but RF has some
unique aspects. This thesis reviewed those advantages and disadvantages and established a set of
experiments using polymer dog-bone samples to investigate whether the physical and cure
properties of samples cured with RF were better than those cured by other methods.
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5.2

Conclusions
Three variables in RF curing are important and were all investigated in this thesis. These

are: power, electrode shape, and sensitizer type and concentration. These key variables have been
held as fixed as possible to ensure that the only variable affecting the cure is the presence of the
RF curing energy itself. The levels of these variables were explored only with respect to typical
commercial values.
Current manufacturers using RF will typically mix an estimated 4-10% sensitizer in with
whatever compound or material it is they are trying to cure.

Although the exact percent

concentration is proprietary, Q100 (the curing sensitizer used in this study) yielded excellent
cures at significantly smaller concentrations than have been reported used in other commercial
studies. In this study the concentration of Q100 used in Formula B was 5%.
Also, it is not a difficult line of reasoning to follow that a dielectric heating system is
superior to a room temperature cure 100% of the time if a performance criteria is cure time. That
said, the curing times recorded during the curing time study for RF specimens were impressively
short; the quickest being SDB 2, which achieved the solid physical state in only 60 seconds.
It is evident from the data that RF cured specimens were superior to room temperature
cured specimens in terms of their shorter curing times. This supports the proposed theory of RF
as an alternative and perhaps enhanced curing preference over room temperature cured systems.
It is important to note at this point that room temperature cured specimens may
occasionally be physically superior in comparison to specimens cured through other direct and
indirect heating methods. This assertion is reasonable since room temperature specimens are
typically not exposed to any excessive levels of electromagnetic energy. On the other hand,
room temperature cured samples may not have sufficient molecular mobility to reach full cross-
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linking and, for that reason, might be lower in physical properties. Therefore, the comparison of
RF versus room temperature cure cannot be stated as universally consistent.
Although this study did not address directly the comparison of cure times for RF to
microwave, ultraviolet, IR, and oven curing methods, reputable sources do hint strongly that in
most cases RF retains the position of the technology with the shortest curing cycle time. For
example, an independent study was carried out in which a wholly aromatic polyester resin was
investigated as a raw material source for ovenware. After a 10 minute microwave curing cycle
the polyester had finally hardened enough to begin physical testing including ASTM D638
tensile testing. Comparable D638 specimens from this study were cured in half the time or
less. (Teruo Saito, Kuniaki Asai and Tadayasu Kobayashi 1986)
In a second study, an unsaturated polyester resin was cured by exposure to one of a
variety of electromagnetic energies including ultraviolet, IR, and oven curing for a duration of
anywhere from 2 to 30 min. (Wilkinson and Montorfano 1993) This is also suggestive of RF’s
ability to equal or trump cure cycle times by electromagnetic energies.
Heat caused by electromagnetic energy can encourage flaws in any material. Some of
which include micro-cracking, porosity, and brittleness. It is therefore reasonable to postulate
that if RF cured specimens can equal or out-perform room temperature specimens, then they are
just as likely to treat such specimens created with curing systems such as IR, UV, Microwave,
etc with the same equality or possibly superiority of physical properties. However, the statistical
analysis carried out on the strength of the samples made with RF cure and those made with a
room temperature cure showed no significant difference between these samples. Therefore, we
can conclude that the RF cure (and by analogy) other electromagnetic curing systems, cause no
significant degradation of mechanical properties.
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The purpose of this study has been to investigate RF or Radio Frequency energy as a
viable alternative to traditional heating methods. Those methods include room temperature,
oven, microwave, infrared, and ultraviolet.
The null hypothesis for this study asserts that no reduction in curing time, nor consistency
in physical properties, will be observed in a material sample cured using RF as opposed to
material samples cured by way of other standard curing methods, namely room temperature
curing. Having concluded this study it is now known that RF technology is capable of curing
polyester resin dog bone specimens, both type I and V, in curing times that are significantly
reduced in comparison to specimens cured by way of Room Temperature technology. Also,
there is no statistical difference in the tensile performance of RF versus Room Temperature
cured specimens.

5.3

Recommendations for Areas of Further Study

5.3.1 Micro-cracking or Checking
When a product cures it experiences an expansion/contraction motion at the atomic level
due to the exothermic nature of the reaction. Micro-cracking is a result of the contracting motion
the material experiences during curing. (Lincoln, Morgan and Shin 2001) Further study would
investigate whether or not RF reduces the amount of Micro-cracking. It could be hypothesized
that this is a case where the amount and location of heat can be controlled to a larger extent using
RF. Heat reduction means expansion/contraction is significantly minimized and therefore so is
micro-cracking. This also results in almost complete control over thermal runaway. (Koral
2004)
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5.3.2 Design of Experiments
Designs of experiments with the following variable variation considerations:


Curing time and physical property performance for material containing no Q100
material sensitizer versus material containing .05% sensitizer concentration.



Curing time and physical property performance for two different voltage exposure
levels.



Physical property performance for two different curing times.



Curing time and physical property performance for different electrode
configurations.

5.3.3 Material Degradation over Time
Compare the material quality (or the quality of the cure) over a period of time by testing
the hardness at regular intervals. Note any changes in the material such as increases in hardness
or brittleness.
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APPENDIX A

SPECIMEN ULTIMATE TENSILE LOAD (N) ELONGATION (MM)
LC1

565

4.5

LC2

375

1.5

LC3

540

3

LDB1

122

2

LDB2

225

6

LDB3

215

10

LDB4

55

2.5

LDB5

550

2.5

LDB6

450

3

LDB7

580

4

LDB8

525

3

LDB9

150

1

LDB10

370

5.5

LDB11

685

3

LDB12

250

1.5

LDB13

670

2.5

LDB14

485

1
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LDB15

450

1.5

LDB16

340

1.5

LDB17

640

3

LDB18

700

3

LDB19

650

4

LDB20

360

2.5

LDB21

350

2.5

LDB22

475

3

LDB23

545

2.5

LDB24

650

2.5

LDB25

400

1.5

LDB26

325

1

LDB27

380

2

LDB28

325

2

LDB29

445

2

LDB30

550

3
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APPENDIX B

SPECIMEN ULTIMATE TENSILE LOAD (N) ELONGATION (MM)
SC1

175

10

SC2

101

1.5

SC3

200

1.4

SC4

77

2

SC5

108

1

SC6

43

6

SDB1

102

0.8

SDB2

80

0.5

SDB3

95

1

SDB4

34

1

SDB5

65

1

SDB6

120

2

SDB7

83

7.5

SDB8

43

7.5

SDB9

65

4.3

SDB10

130

1.3
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